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Available online 21 February 2008Nramp1 (natural resistance-associated macrophage protein 1) is an integral membrane protein with 12
putative transmembrane domains. As a proton-coupled divalent metal cation transporter, it is involved in
defense against intracellular pathogens. Disease-causing mutation in Nramp1 occurring at glycine 169 located
within the fourth transmembrane domain (TM4) suggests functional importance of this domain. In this paper,
we study the three-dimensional structures of a peptide, corresponding to the TM4 of thewild-type Nramp1, in
SDS micelles and 2, 2, 2-triﬂuoroethanol solvent using CD and NMR spectroscopies. We have found that an α-
helix is predominantly induced in membrane-mimetic environments and the folding of the C-terminal
residues is regulated by pH in SDS micelles. The peptide is embedded in SDS micelles and self-associated by
coiled-coil interactions. The helix of the peptide in TFE is lengthened towards the N-terminus compared with
those in SDS micelles at acidic pH and the self-association of the peptide is also observed in TFE. The fact that
Mn2+ ions are accessible to Asp-14 located in the interior of SDS micelles is found and the binding afﬁnity is
increased with increasing pH. The self-association of the peptide may provide a path by which Mn2+ ions pass
through the membrane.
© 2008 Elsevier B.V. All rights reserved.Keywords:
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Nramp1 (natural resistance-associated macrophage protein 1),
also known as Bcg/Lsh/Ity or solute carrier family 11 a1 (Slc11a1), is
originally described for its roles in regulating resistance and suscept-
ibility to Salmonella typhimurim, Leishmania donovani, and Mycobac-
terium bovis BCG in mice [1–4]. It locates at membranes of late
endosomes/lysosomes and phagolysosomes in macrophages [5,6] and
is a highly hydrophobic integral membrane protein including 12
putative transmembrane domains and a glycosylated extracytoplas-
mic loop [7]. It has been recognized as a proton-coupled metal-ion
transporter in several studies which proved the protein indeed
transports divalent metal ions (including Mn2+, Fe2+, and Co2+, as
well as Zn2+), although the direction ofmetal-ion transport by Nramp1
is controversial [8–10]. A possible mechanism for macrophage
antimicrobial function of Nramp1 was suggested by Gros's group [7–
9], in which Nramp1 would act as a membrane efﬂux pump at the
membrane of microbe-containing phagosomes, thereby restricting
the availability of essential metals such as Mn2+ and Fe2+ to the
pathogen. The other possible mechanism for macrophage antimicro-
bial function of Nramp1 was proposed by Blackwell's group [10]. They
suggested that Nramp1 pumps metal ions into the macrophage
phagosomes and facilitates accumulation of metal ions in their lumen.
The accumulated cations in the phagosome generate highly reactivell rights reserved.hydroxyl radicals by the Haber–Weiss reaction, which contributes to
the bacteriostatic effect of the macrophage on the engulfed bacteria.
It has been found that the mice with the wild-type Nramp1 are
highly resistant to the distinct intracellular pathogens, whereas a
naturally occurring glycine to aspartic acid missense mutation at
position 169, within the transmembrane domain 4 (TM4) of Nramp1,
renders mice susceptible to these pathogens [11]. Nramp1 is highly
conserved across species as diverse as human and bacteria [11] and is
a member of a protein family named Nramp, the structures and
functions of which have been remarkably conserved throughout
evolution [7]. Nramp2, which is another member of Nramp family and
shares 66% identity with Nramp1, is also a divalent metal-ion
transporter [12–14]. The two proteins show nearly identical hydro-
pathy proﬁles, resulting in indistinguishable predicted secondary
structures [15]. It has been reported that TM4 and 6 of Nramp2
probably participate in the formation of the selective pathway
through which the protons and metal ions pass [16]. Both disease-
causing mutations, G185R for Nramp2 and G169D for Nramp1, occur
at the two adjacent glycine residues which conserve within the
predicted transmembrane domain 4 of the proteins [1,17]. These
suggest that the TM4 may play an important role for biological
functions of the proteins.
Getting the structural information of a protein is the key step
towards clearly understanding its biological function. However, to the
best of our knowledge, there has been no report on crystallographic
and NMR structures of the entire molecules of Nramp family up to
now, since the integral membrane proteins are intractable to crystal-
lization and the slow reorientation of proteins within the membrane
Fig. 1. CD spectra of the peptide in TFE and SDS micelles at various pH values at room
temperature.
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that the model peptides corresponding to isolated transmembrane
domains are very useful in providing qualitative structural informa-
tion and in guiding complete structure determination for integral
proteins. For example, 3D structure models of 12-transmembrane
domain lactose permease have been derived without using crystals,
on the basis of its transmembrane topology, secondary structure, and
numerous interhelical contacts [18]; an acceptable structure of elastin
has been recomposed by the structures of elastin pieces (domains)
obtained in TFE solution [19]. Recently, the model peptides corre-
sponding to the transmembrane domain 4 of Nramp2 in various
membrane-mimetic environments have been studied and three-
dimensional structures, topologies and assemblies of these peptides
have been established by spectroscopy techniques [20–23]. The model
of assembly of the peptides corresponding to the transmembrane
domain 4 of Nramp1 has also been assumed recently in 1, 1, 1, 3, 3, 3-
hexaﬂuoroisopropanol aqueous solution [24] by NMR method.
In the present study, we implement a structural characterization of
Nramp1-TM4 in SDS micelles and TFE and present a topology of the
peptide in SDS micelles. The electrostatic environments of several
residues in the peptide have been investigated by the pH titration
experiments. The possibility of formation of a channel for divalent
metal-ion transport is discussed.
2. Materials and methods
2.1. Materials
The peptide with a sequence of Arg-Ile-Pro-Leu-Trp-Gly-Gly-Val-Leu-Ile-Thr-Ile-
Val-Asp-Thr-Phe-Phe-Phe-Leu-Phe-Leu-Asp-Asn-Tyr-Gly-Leu-Arg-Lys, corresponding
to the transmembrane domain 4 of Nramp1 (164–191) was synthesized and puriﬁed
by Biopeptide Company and had acetylated N-termini. The purity was assessed by HPLC
and mass spectroscopy to be N 95%. Deuterated sodium dodecyl sulfate (SDS-d25; 98%),
D2O (99.8%), methanol-d4 (99.6%) and deuterated 2, 2, 2-triﬂuoroethanol (TFE-d2; 98%)
were purchased from Cambridge Isotope Laboratories. 16-doxylstearic acid (16-DSA)
was obtained from Sigma. 2, 2, 2-triﬂuoroethanol (99.8%) and 1, 1, 1, 3, 3, 3-hexaﬂuoro-
2-propanol (HFIP; 99.5%) were purchased from Acros Organics. All chemicals were used
as purchased, without further treatment.
2.2. Sample preparation
The peptide/TFE samples were prepared by directly dissolving a certain amount of
peptide in TFE or TFE-d2 to produce a concentration of 20 μM peptide in pure TFE for CD
experiment or concentrations of 2 mM and 0.5 mM peptide in pure TFE-d2 for NMR
experiments. The incorporation of peptide into SDS for CD experiments or SDS-d25 for
NMR experiments was undertaken by the method described previously [22]. Brieﬂy,
HFIP solution of the peptide was mixed with aqueous solution of SDS or SDS-d25. The
mixture was further diluted by addition of H2O and lyophilized overnight. The resulting
powder of the peptide/SDS mixture was dissolved in 0.5 mL of H2O to obtain the
concentration of 20 μMpeptide in 10mM SDS, while the powder of the peptide/SDS-d25
mixture was dissolved in 0.6 mL of H2O/D2O (90%/10%) mixture to obtain the
concentration of 2 mM peptide in 240 mM SDS-d25. The pH was adjusted by addition of
a small amount of NaOH or HCl solution. The 16-DSAwas added as a solution in the least
amount of methanol-d4 to give a molar ratio of detergent to spin label of 60:1.
2.3. CD spectroscopy
Far-UV CD spectra were recorded in 0.5 mM path length on a Jasco J-810
spectropolarimeter. The parameters of the CD measurements were as follows:
bandwidth, 1.0 nm; data pitch, 0.1 nm; scanning speed, 50 nm/min; response time,
0.25 s. Three scans were averaged for each spectrum, and the reference spectra of the
respective media were subtracted.
2.4. NMR measurements
The NMR data sets were collected on a Bruker Avance 500 spectrometer using a 5-
mm TBI triple resonance inverse probehead equipped with a z-axis gradient coil. TSP
[sodium salt of 3-(trimethylsilyl)-propionate-2, 2, 3, 3-d4] was used as an internal
standard. A set of two-dimensional NMR spectra was performed for each sample at
298 K and 310 K using the WATERGATE technique. The homonuclear two-dimensional
TOCSY spectra were acquired using a standard MLEV 17 pulse sequence, with a 100 ms
spin-lock period. The NOESY spectra were recorded with a mixing time of 200 ms. The
spectra were collected with 2 K data points in t2 and 512 increments (72–112 scans
each) in t1. The spectra were processed using standard Bruker software (XWINNMR
Version 3.5) and analyzed using software SPARKY [25]. The NOE intensities andchemical shifts were extracted using SPARKY and served as an input for the structure
calculation.
Proton chemical shift titration data were ﬁtted to a modiﬁed Hill equation [26]
d pHð Þ ¼ dbase þ dacid  10
n pHmpHð Þ
1þ 10n pHmpHð Þ
ð1Þ
where the acidic (δacid) and basic (δbase) plateaus, Hill coefﬁcient (n) and pHm were left
as ﬂoating parameters during the nonlinear least square analysis carried out using
Origin v6.
2.5. Structure calculation
The spatial structure calculationwas carried out using the program CYANA (version
1.0.6) [27], a simulated annealing algorithm in the torsion angle space. Based on the
upper limits of the distance restraints obtained from NOEs using the macro CALIBA, a
systematic analysis of the local conformation around the Cα atom of each residue,
including the dihedral angles ϕ, ψ, χ1 and χ2, was performed using the macro
GRIDSEARCH as implemented in CYANA. The ﬁnal nonredundant upper-limit restraints
and the resulting angle restraints were used in the 200 randomized starting structural
calculations. An ensemble of 20 structures with the lowest target function values were
further reﬁned by energy minimization employing the AMBER7 program [28,29] under
the force ﬁeld of Cornell et al. [30] using a generalized Born solvent model. The quality
of the ﬁnal structures was assessed using the PROCHECKNMR program [31]. Visual
analyses of the structures and ﬁgure drawings were performed using the MOLMOL
program [32].
2.6. Diffusion experiments
DOSY (diffusion-ordered spectroscopy) measurements of the peptide in TFE-d2
were performed at 298 K and 310 K, respectively, with bipolar pulse pair stimulated
echo (BPPSTE) sequence usingWATERGATE technique. Gradient strengthwas calibrated
using HDO signal in D2O. Diffusion time (Δ) was 50 ms. Durations of pulse gradients (δ)
were 10.4 ms and 6.5 ms for 2 mM and 0.5 mM of peptide, respectively. Data were
acquired with 8 scans.
In order to eliminate the effect of the viscosity, the diffusion coefﬁcients of TFE-d2 in
both concentrations of samples were measured separately with the sequence of pulsed
ﬁeld gradient stimulated echo (STE). No water suppression was applied in the
experiments. The parameter sets were Δ of 50 ms, δ of 3.0 ms for 0.5 mM sample
and 3.4 ms for 2 mM sample, and scans of 8. The relative hydrodynamic radius of the
peptide to TFE-d2 obtained by the ratio of the diffusion coefﬁcients of TFE-d2 to the
peptide was used as a criterion of the peptide size on the basis of the Stocks–Einstein
equation (the effect of the molecular shape was ignored).
3. Results
3.1. Circular dichroism spectra
Each CD spectrum for the peptide in TFE and SDS micelles displays
two negative minima near 208 and 222 nm, and one positive
maximum near 194 nm (Fig. 1), indicative of the presence of
predominating α-helical conformations for the peptide in these
membrane-mimetic environments. The α-helical contents of the
Fig. 2. Hα-HN region of the NOESY spectrum with assignments for 2 mM peptide in
240 mM SDS-d25 at 310 K, pH 5.5. The minimum intensity in the ﬁgure was set to the
level to display the cross peaks clearly, which results in the weaker cross peaks, such as
the cross peaks corresponding to Hαi-HNi+ 3 and Hαi-HNi+ 4, unobservable. The weaker
cross peaks can be seen by increasing the intensity of the spectrum. As an example, the
subﬁgure above the main ﬁgure illustrates the intensity-enlarged cross peaks that
disappeared in the region of 8.35–8.95 ppm for F2 and 3.5–4.15 ppm for F1 in the main
ﬁgure.
Fig. 3. The NOE connectivities and CSI for the peptide in SDS micelles at pH 4.2 (A), 5.5
(B) and 7.4 (C).
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and 46% at pH 4.3, 48% at pH 5.5 and 43% at pH 7.5 in SDS micelles.
The ratio of the molar ellipticities at 222 nm and 208 nm ([θ]222/
[θ]208) has been used as a criterion in several proteins to evaluate the
presence of coiled-coil helices. For a non-interacting α-helix, the ratio
has been shown to be 0.83, while for two-stranded coiled-coils, the
ratio was calculated to be 1.03 [33,34]. In general, if [θ]222/[θ]208 is
larger than 1, the protein is considered as the coiled-coil helices. From
the measurements of [θ]222 and [θ]208 in Fig. 1, the [θ]222/[θ]208 ratios
were obtained to be 1.53 at pH 4.3, 1.33 at pH 5.5 and 1.15 at pH 7.5 in
SDS micelles, and 1.00 in TFE. These ratios imply that the peptide may
be self-associated in SDS micelles by coiled-coil interaction and lower
pH may favor coiled-coil formation in SDS micelles.
3.2. NMR assignments and three-dimensional structures of the peptide
The peak assignments in the NMR spectra were carried out
according to the procedure outlined by Wüthrich [35]. The spin
systems of different amino acids were identiﬁed by TOCSY experi-
ments and connected by sequential backbone connectivities obtained
in the NOESY spectra. The NMR spectra of the peptide were recorded
at 298 K and 310 K. The chemical shifts of the spectra were slightly
changed from the temperature of 298 K to 310 K, but the lines were
somewhat broadened at lower temperature. Accordingly, we used the
data from the NOESY spectra of 2 mM peptide at 310 K for structure
calculation.
Partial NOESY spectrumwith assignments of proton resonances for
2mMpeptide in 240mMSDS-d25 at pH 5.5 recorded at 310 K is shown
in Fig. 2. Examination of the NOE connectivities from the NOESY
spectrum and CSI (chemical shift index) of Hα (Fig. 3) highlights an α-
helix dominated conformation for the peptide in the model
membrane at pH 5.5. The proton resonances of the peptide in SDS-d25 at pH 4.2 are somewhat weaker and overlap more, resulting in
decreasing NOE connectivities. Nevertheless, evidences from the
NOE connectivities, CSI and the secondary structure shift analysis
(data not shown) still indicate an α-helix dominated conformation
at this pH, similar to that at pH 5.5. The NOE connectivities at pH 7.4
Fig. 4. Mean structures of the peptide in SDS micelles at pH 4.2 (left), 5.5 (middle) and
7.4 (right).
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the C-terminus.
The tertiary structure calculation is in good agreement with the
predictions based on the NOE patterns and chemical shift analysis. The
structures from the calculation display well deﬁned α-helical
segments spanning from Leu-9 to Tyr-24 at pH 4.2, Val-8 to Gly-25
at pH 5.5 and Leu-9 to Asp-22 at pH 7.4, which are in good agreement
with CD data. The N-termini are poorly deﬁned (Fig. 4). It should be
noted that the NOEs between Hα of Trp-5 and Hβ of Val-8, Hα of Trp-5Table 1
Structural statistics of the peptide in SDS micelles and TFE at 310 K
SDS TFE
pH 4.2 pH 5.5 pH 7.4
Average target functions (Å2) 0.21±0.07 0.73±0.12 0.70±0.09 0.17±0.03
Number of nonredundant
distance restraints
304 354 326 324
Intraresidual (|i− j|=0) 139 144 140 133
Sequential (|i− j|=1) 94 100 106 85
Medium (|i− j|≤4) 71 110 76 106
Long range (|i− j|N4) 0 0 4 0
Average sum of distance
restraint violations
1.6±0.3 3.9±0.4 3.8±0.4 1.4±0.3
Average maximum distance
restraint violation
0.20±0.05 0.27±0.05 0.30±0.05 0.17±0.02
Average sum of torsion angle
restraint violations (°)
0.1±0.2 0.4±0.5 1.2±1.7 0±0.2
Average maximum of torsion
angle restraint violation (°)
0.08±0.19 0.41±0.54 0.99±1.32 0.04±0.17
AMBER energy (kcal mol−1) −1163.16±
0.50
−1154.50±
0.82
−1131.30±
0.74
−1172.32±
0.49
R.m.s. deviation from the
mean structure (Å)
All residues
Backbone heavy atoms 3.17±0.79 2.22±0.60 3.37±0.85 1.99±0.57
All heavy atoms 4.62±1.00 3.48±0.77 4.66±1.03 3.12±0.63
Residues for helical span
Backbone heavy atoms 0.69±0.25 0.45±0.28 0.67±0.24 0.45±0.14
All heavy atoms 1.62±0.39 1.03±0.31 1.26±0.27 1.16±0.22
Ramachandran plot statistics
(at each helical span)
Residues in most favored
region (%)
92.8 92.1 95.7 91.5
Residues in additionally
allowed region (%)
7.2 7.9 4.3 8.2
Residues in generously
allowed region (%)
0 0 0 0.3
Residues in disallowed
region (%)
0 0 0 0and HN of Leu-9 at acidic pH values and between Hα of Trp-5 and Hβ
of Val-8 at pH 7.4 were observed. However, the weak NOE restraints
involved in this fragment were not sufﬁcient to deﬁne a structure in
the calculation. The random structured C-terminal fragment of the
peptide at pH 7.4 is bent near Asp-22 towards the orientation
perpendicular to the helix backbone. This is not in the case for the
peptide at pH 4.2 and 5.5. The NMR restraints used in calculations and
structural statistics extracted from calculation results are listed in
Table 1.
The NOE connectivities obtained from the NOESY spectrum of the
peptide in TFE-d2 predict a similar structure to the peptide in SDS-d25
at pH 4.2 and 5.5 (Fig. 5). However, it is noted that the CSI values are −
1 for the N-terminal residues from Gly-6 to Val-8 in TFE-d2 and there
are more NOEs for these residues, whereas the CSI values are 0 and
less NOEs are observed for these residues in SDS-d25 at the pH
conditions studied. This indicates that the N-terminus of the peptide
in TFE-d2 is better deﬁned than those in SDS-d25. The structure of
calculation using the restraints from the NOEs is in good agreement
with the prediction from the NOE connectivities and CSI. As observed
in Fig. 6, the α-helix is extended to Gly-6 on the N-terminus and ended
at the residue Tyr-24 of the C-terminus in TFE-d2. The increasing
helical length of the N-terminal region in TFE-d2 is attributed to the
stronger ability of the organic solvent to induce an α-helical structure
[36].Fig. 5. Hα-HN region of the NOESY spectrum with assignments (A) and NOE
connectivities including CSI (B) for 2 mM peptide in TFE-d2 at 310 K.
Fig. 6. Structures of the peptide in SDS-d25 micelles at pH 5.5 (left) and in TFE-d2 (right)
at 310 K.
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The detergent-like paramagnetic probe 16-doxylstearic acid was
incorporated into micelles to determine the position of the peptide
relative to the SDSmicelle surface. Radical group of 16-DSAwas shown
near the center of the micelles and selectively broadened the NMR
signals of the residues close to the center of the micelles [37]. The
paramagnetic broadening effects were studied by comparing two-
dimensional NOESY spectra in the presence and absence of the
paramagnetic agent.
As shown in Fig. 7, the incorporation of the spin label 16-DSA in
SDS-d25 at pH 5.5 results in dramatic broadening of the Hα-HN cross
peaks of the hydrophobic residues Val-13 and Phe-17. The dramatic
broadening of the cross peaks from δ protons of Phe-16 and Phe-17
was also observed (data not shown). The intensities of the cross peaks
of Asp-14 were also signiﬁcantly broadened by the spin probe. In
contrast, the N-terminal and C-terminal residues were hardly affected
by the spin probe. This indicates that the peptide is embedded into the
interior of SDS micelles where the residues Val-13 and Phe-17, which
locate at the same side of the α-helix, are near the centre of the
micelles. Unexpectedly, the cross peak from ɛ proton of Trp-5
completely disappeared in the presence of 16-DSA (data not shown),
whereas the other cross peaks of this residue were less affected. ThisFig. 7. The effect of the spin label 16-DSA on the NMR signals of the peptide in SDS-d25
micelles at pH 5.5, 310 K.may suggest that the N-terminal residues are embedded in SDS
micelles.
3.4. Study of Mn2+ effect
Mn2+ has been previously demonstrated as a paramagnetic probe
to explore solvent-exposed residues for membrane peptides, since it
only broadens the residues situated in the aqueous phase or at the
surface of detergent micelles at a low concentration [38,39]. Mn2+ is
also one of the divalent metal ions transported by Nramp1, therefore,
it was also used to determine if such ions enter into the interior of theFig. 8. The effect of Mn2+ on the NMR signals of the peptide in SDS-d25 micelles at pH 4.2
(A), 5.5 (B) and 7.4 (C), 310 K.
Fig. 9. pH titration of the protons for the peptide in SDS-d25 micelles at 310 K.
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the micelles would broaden the NMR signals of the residues.
Fig. 8 illustrates the residual relative intensities of the Hα-HN cross
peaks fromNOESY spectra in the presence of 0.1 mMMn2+ at three pH
conditions. At pH 5.5, the addition of Mn2+ to the SDS micelles incor-
poratedwith peptide led to complete disappearance of the cross peaks
of the residues Asp-14, Asp-22 and Asn-23, whereas the cross peaks of
other residues were less affected by Mn2+, especially, both N- and C-
terminus of the peptide were unexpectedly less affected by Mn2+. This
indicates that both N- and C-terminus are embedded in the micelles
rather than exposed to the aqueous solution. Most interestingly, the
Asp-14, a residue that was proved to locate at the center of the
micelles by 16-DSA probe experiment, is Mn2+ accessible. When the
pH of the sample was increased from 5.5 to 7.4, more cross peaks of
the residues on the helical segment were quenched, including the
residues 11–16, 18 and 21–23. The signals of the residues 17, 19 and 20
were also evidently broadened. However, the N- and C-terminus of
the peptide were still less affected by Mn2+ at this higher pH value.
Obviously, the paramagnetic effect of Mn2+ on Asp-14 and Asp-22 is
increased and extended to the peripheral region of Asp-14 and Asp-22
at pH 7.4. In contrast, all the NOESY cross peaks that disappeared at pH
5.5 and 7.4 recoveredmore or less when the pH of the sample solution
was decreased from 5.5 to 4.2, though the intensities of the signals at
pH 4.2 were weakened upon the addition of Mn2+ for most of residues.
3.5. pH titration
The pKas of carboxylate side chains in folded proteins may reﬂect
the surroundings of the residues. The pKa may be increased in an
apolar surrounding or decreased in a polar surrounding [40–44]. The
pH midpoints (pHm) of the backbone amides in folded proteins are
good probe of the electrostatic environment produced by nearby
carboxylates of Asp and Glu residues [42,43,45–47] and intramole-Table 2
pH titration parameters of some titratable residues and amide reporters
Residue pHm N Δδ (ppm) a
Backbone amide (HN) Val-13 6.39±0.14 1.39±0.52 −0.19
Asp-14 6.46±0.27 1.34±0.95 −0.29
Phe-17 6.28±0.08 1.21±0.23 −0.12
Leu-21 6.08±0.27 1.08±0.63 −0.18
Asn-23 5.85±0.35 0.92±0.72 0.14
Carboxylate sidechain (HB) Asp-14 6.45±0.06 1.26±0.18 −0.15
Asp-22 5.54±0.21 0.91±0.46 −0.15
a Δδ=δbase−δacid.cular interaction in a protein or intermolecular interaction in assembly
of proteins.
The proton chemical shifts from the cross peaks of the NOESY
spectra of the peptide at 310 K were monitored to measure the
amount of protonation as a function of pH. The titration curves of the
carboxylate sidechain protons (Hβ) for Asp-14 and Asp-22 and the
backbone amide protons (HN) for the residues Val-13, Asp-14, Phe-17,
Leu-21 and Asn-23 are given in Fig. 9. The curves were ﬁtted using a
modiﬁed Hill equation (Eq. (1)) and the pHm, Hill coefﬁcient n and
titration shift Δδ for each residue were extracted, as presented in
Table 2. The pHm values obtained from both Hβ and HN of Asp-14 are
ca 6.5, whereas that from Hβ of Asp-22 is ca 5.5. Larger pHms of the
two Asp residues than the pKa value of Asp in the model peptide (ca
3.9 [45]) indicate that the two residues are located inside the SDS
micelles. Differently, the Asp-14 is embedded in the region of
hydrocarbon chains of SDS, whereas the Asp-22 near the C-terminus
is close to the head groups of SDS, as evidenced by the larger pHm
values of Asp-14 than that of Asp-22. Interestingly, the backbone
amide protons of Val-13 and Phe-17 show similar pHm values and Hill
coefﬁcients to that of Asp-14, revealing a correlation of these
nonionizable residues and ionizable residue Asp-14. This correlation
is attributed to the electrostatic interactions of the residues Val-13 and
Phe-17 with Asp-14, considering the spatial proximity of the three
residues in the helix. A similar effect was found for Asp-22 and Asn-23.
The pHm values and Hill coefﬁcients of the two residues are closer,
likely from the electrostatic interaction between the two residues. The
downﬁeld shift (Δδ N 0) of HN of Asn-23 residue near the C-terminus
with increasing pH suggests that the amide proton is possibly
hydrogen-bonded to the carboxyl group on the side chain of the
residue Asp-22 [45,48]. The pHm and Hill coefﬁcient of Leu-21 is
between the pHms of Asp-14 and Asp-22, likely due to an intermediate
electrostatic environment of Leu-21 contributed partly from Asp-14
and partly from Asp-22. It should be mentioned that the data listed in
Table 2 are those with the titration shift larger than 0.1 ppm, mainly
from the residues in the helical region of the peptide. For most
residues in the N- and C-terminal regions, the chemical shifts of HNs
were found to shift with increasing pH to a higher frequency by 0.05–
0.1 ppm (Fig. 10). The appreciable positive Δδ of the N- and C-terminal
residues is difﬁcult to understand at present, likely associated with
interaction between the amide protons from both terminal residues
and the oxygen atoms of the sulfonic groups of SDSmicelles, or remote
interaction involved in hydrogen bond of amide protons from both
terminal regions with carboxyl group of Asp-14 and Asp-22.
As shown in Table 2, the Hill coefﬁcients for the residues Asp-14,
Val-13 and Phe-17 are larger than 1, suggesting a positively
cooperative protonation as a function of pH, i.e., the observed pHms
of the residues are inﬂuenced by two or multiple ionizable residuesFig.10. The titration shifts Δδ (δbase−δacid) of N0.05 ppm for the backbone amide protons
of the peptide in SDS-d25 micelles at 310 K, where δacid and δbase are the chemical shifts
at pH 4.2 and 7.4, respectively.
Fig. 11. The aromatic region of the DOSY spectra for 2 mM and 0.5 mM peptide in TFE-d2
at 298 K.
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than those of Asp-22, the cooperativity could not be attributed to the
intramolecular interaction between Asp-14 and Asp-22 in the peptide.
A reasonable interpretation for n N 1 is the formation of an assembly in
which the sidechains of Asp-14 residues from different molecules face
each other. In contrast, the Hill coefﬁcients of the residues near the C-
terminus are close to 1, indicative of an isolated ionizable environment
of Asp-22 without the intermolecular cooperativity.
3.6. Assembly of the peptide in TFE
The DOSY spectra of the peptideweremeasured in TFE-d2 to obtain
the diffusion coefﬁcients that reﬂect the hydrodynamic volumes of the
molecule in solution and thus have been used to determine
aggregation state of the molecule. The DOSY spectra of the peptide
at the concentrations of 2 mM and 0.5 mM are shown in Fig. 11. It is
seen that the diffusion coefﬁcient of the peptide is increased from
8.2×10−11 m2 s−1 to 19.8×10−11 m2 s−1 when the concentration of the
peptide is decreased from 2 mM to 0.5 mM. The diffusion coefﬁcients
of TFE-d2 are 68.2×10−11m2 s−1 for 2mMsample and 81.5×10−11m2 s−1
for 0.5 mM sample. The ratios of the diffusion coefﬁcients of TFE-d2 to
the peptide are 8.3 for 2 mM sample and 4.1 for 0.5 mM sample.
Assuming the size of TFE-d2 is unchangedwith the concentration of the
peptide, the change in the ratios is attributed to the change in the size of
the peptide with concentration. The result indicates that the peptide is
self-associated at the concentrated solution, but disassociated at the
dilute solution.
As shown in Fig. 5A, the NMR spectrum of the peptide displays a
single set of resonances at the concentration of 2 mM, suggesting that
themonomeric structures in assembly are highly coincident with each
other. In addition, we compared the 1D- and 2D-NMR spectra for the
peptide with the concentration of 0.5 mM and 2 mM. Little difference
was found except for decreased intensities for 0.5 mM samples (data
not shown). The chemical shifts of Hαwere also slightly changed with
concentration. This indicates that the structure of the peptide at
0.5 mM is similar to that at 2 mM.
4. Discussion
The structure of the peptide in SDS micelles is pH dependent, a
longer α-helix at acidic pH solution vs. a shorter α-helix at a neutral or
mildly alkaline solution. Extension of helical turns at the acidic pH
occurs at the C-terminus rather than N-terminus. The structure of the
peptide in TFE is similar to that in SDS micelles at the acidic pH. The
main difference between the structures in the two model membranes
is the folding of the N-terminus that is well deﬁned in TFE but poorly
deﬁned in SDS micelles. The spin label experiment of 16-DSA revealsthat the peptide is embedded in SDS micelles where the residues Val-
13 and Phe-17 locate near the center of the micelles. The N- and C-
terminus of the peptide are also inserted into SDS micelles as
evidenced by theMn2+ probe experiment and pH titration parameters.
The C-terminal residues are bent towards the inner surface of SDS
micelles at higher pH in order to avoid accessibility to water, whereas
these residues fold to a helical turn at lower pH. Although the
simulated annealing calculation from the NOE restraints gave a poor
structure of the N-terminus for the peptide in SDS micelles, the NOE
connectivities between Hα of Trp-5 and Hβ of Val-8 at three pH values
and the NOE connectivities between Hα of Trp-5 and HN of Leu-9 at
acidic pH values have suggested that the fragment from Tyr-5 to Leu-9
on the N-terminus of the peptide is likely structured in SDSmicelles at
the pH values studied. However, the interaction of the residues is too
weak to generate strong enough cross peaks in the NOESY spectrum to
restrain a structure in the calculation.
Examination of the broadening effect of Mn2+ on the cross peaks of
the peptide in SDS micelles at different pH conditions reveals that the
binding of Mn2+ ions involves the negatively charged aspartate Asp-
14, Asp-22 and the acid amide asparagine Asn-23. The afﬁnity of these
residues to the cation increases with increasing pH. It has been shown
that the mutation of Asp to Ala at position 192 (Asp-192 corresponds
to Asp-14 in this study) in TM4 of DCT1 (or DMT1, Nramp2), a
homologous metal-ion transporter in mammals, attenuated uptake of
Fe2+ and Co2+ [49], raising the possibility that the negatively charged
residue may mediate the interaction with the positively charged
cation substrates of Nramp transporters. Alternatively, this residue
may be involved in hydrogen bonding, salt bridge formation (dipole),
or other interactions in the formation of a water-ﬁlled pore or
transport path [49]. Previous experiments have shown that cation
uptake of DCT1 is more active at lower extracellular pHo than that at
higher pHo (such as pHo 5.5 vs 6.5 [50]; pHo 5.5 vs 6.2 and 7.0 [14]),
suggesting the coupling of H+ in the metal-ion transport of DCT1. A
recent observation revealed that DCT1/DMT1 can also mediate H+-
uncoupled facilitative metal-ion transport at higher pHo of 7.4 [51,52].
On the basis of our results and the literature reports, it is suggested
that the binding of the metal ions to negatively charged residues, such
as Asp and Glu, may play a role in the metal-ion transport of Nramp
proteins. At higher pHo, the binding of metal ions may be
predominant, resulting in a ﬂux of the metal ions uncoupled with H+.
At very low pHo, the complete protonation of the negatively charged
residuesmay decrease the afﬁnity of the binding of metal ions, leading
to a leak of H+. At lower pH (such as pHo 5.5), the binding of metal ions
is still signiﬁcant meanwhile the protonation of the acidic residues is
also occurring (pKa of DCT1 is ca 6.1 [53], comparable to the pKa ca 6.5
of Asp-14 for the peptide in SDS measured in this study), which
possibly yields the simultaneous translocation of H+ and metal ions.
The protonation and deprotonation of acidic residues may be only one
of the factors to regulate the transport of metal ions of Nramp1 at
different pH conditions, other factors, such as the structural
modiﬁcation and the changes in the interactions of domains within
a protein or an assembly with pH, may be also important to H+-
coupled metal-ion transport of Nramp1.
In a protein or an oligomeric protein containing two or more
proton dissociation sites with similar pKa values, the addition of a
proton at adjacent site(s) has the electrostatic effect of lowering the
pKa of the site being examined, yielding a Hill coefﬁcient of b1
(negative cooperativity). If the protonation of an adjacent or a remote
site facilitates the protonation of the examined site, which may occur
in an oligomeric protein, this yields a Hill coefﬁcient of N1 (positive
cooperativity) [43]. In our results, the Hill coefﬁcients of the residues
associated with Asp-14 are larger than 1, suggesting possible assembly
of the peptide in SDS micelles where the residues Asp-14 may face
each other to form a polar interior. The interaction of the carboxyl
groups of Asp-14 should be remote and weak based on the n value.
This may be why no intermolecular NOEs were observed in NOESY
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revealed that the peptide is self-associated at the concentration of
2 mM and disassociated at 0.5 mM. The oligomerization of Nramp1-
TM4 in HFIP was also observed previously [24]. No cooperativity of the
residue Asp-22 was observed in SDS micelles as indicated by its n
value of ca 1, likely suggesting that there is no intermolecular
interaction between Asp-22 residues in assembly of the peptide.
The values of the ratio [θ]222/[θ]208 obtained from CD spectra
provide a further evidence for the oligomerization of the peptide in
the two model membranes. In SDS micelles, the decrease in pH
increases the helicity of acidic coiled-coils [54–57], and favors coiled-
coil formation. It is likely that charge–charge repulsion between face-
to-face Asp residues in assembly is amajor factor in disfavoring coiled-
coil formation at high pH, while the protonation of the offending
acidic sidechain groups at low pH abrogates the charge repulsion.
In conclusion,wehave determined the structures and topologyof the
fourth transmembrane domain of Nramp1 in membrane-mimetic
environments, i.e., TFE and SDS micelles. The predominant α-helices
are induced in themembrane-mimetic environments and the folding of
theC-terminal residues is regulated bypH in SDSmicelles. Thepeptide is
inserted in SDS micelles and self-associated by coiled-coil interaction.
The self-association of the peptide provides a possible pathwaybywhich
Mn2+ ions can pass through the membrane. Our study may provide
structural information for Nramp1-TM4 and contribute to understand-
ing the function of the protein for divalent metal cation transport.
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